Background/Aims: Acute kidney injury (AKI) is a serious complication of sepsis and has a high morbidity and mortality rate. Caspase-11 induces pyroptosis, a form of programmed cell death that plays a critical role in endotoxic shock, but its role in tubular epithelial cell death and whether it contributes to sepsis-associated AKI remains unknown. Methods: The caspase-11 -/-mouse received an intraperitoneal injection of lipopolysaccharide (LPS, 40 mg/kg body weight). Caspase-11 -/-renal tubular epithelial cells (RTECs) form C57BL caspase-11 -/-mice were treated with LPS in vitro. The IL-1β ELISA kit and Scr assay kit were used to measure the level of interleukin-1β and serum creatinine. Annexin V-FITC assay and TUNEL staining assay were used to detect the cell death in different groups in vitro and in vivo. Western blot was performed to analyze the protein expression of caspase-11 and Gsdmdc1. Results: LPS-induced sepsis results in lytic death of RTECs, accompanied by increased expression of the pyroptosis-related proteins caspase-11 and Gsdmd. However, the increase in pyroptosis-related protein expression induced by LPS was attenuated with caspase-11 knockout, both in vitro and in vivo. Furthermore, when challenged with lethal doses of systemic LPS, pathologic abnormalities in renal structure, increased serum and kidney interleukin-1β, increased serum creatinine, and animal death were observed in wild-type mice but prevented in caspase-11 -/-mice. Conclusions: Caspase-11-induced pyroptosis of RTECs is a key event during septic AKI, and targeting of caspase-11 in RTECs may serve as a novel therapeutic target in septic AKI.
Introduction
Acute kidney injury (AKI) is a serious complication of systemic inflammatory response syndrome, which has a high mortality rate [1] [2] [3] . Thirty to fifty percent of septic patients develop renal failure, and AKI can double the mortality rate up to 70%. Limited understanding of the cellular mechanisms of sepsis-associated AKI complicates the development of an effective treatment. Sepsis-associated AKI presents with severe impairment of kidney function evident by extreme elevations in blood urea nitrogen and serum creatinine (Scr); however, only modest tubular injury is observed with minimal true necrosis. The lack of correlation between classic cell necrosis and impaired kidney function implicates alternative forms of cell death as contributors to kidney injury. Therefore, in recent years, investigators have increasingly recognized that apoptosis, necroptosis, and autophagic cell death must be considered in renal cell death [4] [5] [6] .
Recently, a new form of programmed cell death -pyroptosis -has been described. Pyroptosis is morphologically and mechanistically distinct from other forms of cell death and is characterized by rapid plasma membrane rupture and release of pro-inflammatory intracellular contents [7] [8] [9] . Pyroptosis and apoptosis are both programmed mechanisms of cell death, but each process depends on different caspases, unlike oncosis. Similar to oncosis, but unlike apoptosis, pyroptosis results in cellular lysis and release of pro-inflammatory cytokines, including interleukin (IL)-1β and IL-18, into the extracellular space [10, 11] . IL-1β is a key inflammatory cytokine involved in host defense mechanisms against pathogens and serves as a "gatekeeper" of inflammation [9, 12] . Pyroptosis is observed in monocytes, macrophages, dendritic cells, and endothelial cells when associated with infection [12] [13] [14] . However, whether pyroptosis is involved in the death of renal tubular epithelial cells (RTECs) after exposure to microbial infection is not known.
Caspase-11 is an intracellular cysteine protease that mediates the host cell response to gram-negative bacterial pathogens and sepsis. Host cells sense lipopolysaccharide (LPS) from gram-negative bacteria via a non-canonical inflammasome pathway that ultimately results in caspase-11 activation and cell death [11, [15] [16] [17] [18] . A series of studies indicate that caspase-11 plays a critical role in pyroptosis [11, 15, [19] [20] [21] , but its potential role in renal epithelial cell pyroptosis and septic AKI remains unknown.
In the present study, we study whether caspase-11 mediates pyroptosis of tubular epithelial cells and septic AKI. We show that the endotoxin LPS induces pyroptosis of RTECs. We also demonstrate that genetic deletion of caspase-11 attenuates AKI and markedly increases cell survival, even in the presence of lethal systemic doses of LPS. mice. Renal cortex was isolated, minced with a sterile blade, and then filtered through a 40 µm filter before being pelleted and resuspended in defined media. Cells were trypsinized and characterized by FACS analysis using anti-CD326 antibodies, which are known epithelial cell surface markers. RTECs were grown in a 50: 50 mixture of DMEM/Ham's F-12 supplemented with 5% fetal bovine serum (Life Technologies Corporation, Grand island, NY, USA).
Material and Methods

Chemicals and Reagents
Annexin V-FITC Assay
Cell death in different groups was determined using an Annexin V-FITC apoptosis detection kit, according to the manufacturer's protocol (K101-400, BioVision Incorporated, Milpitas, CA, USA). Briefly, the cell pellet was resuspended in 1× binding buffer, followed by incubation with 5 μL of Annexin V (conjugated with FITC) and 5 μL of PI in the dark for 10 min. Cell fluorescence was then analyzed with a Cell Lab QuantaTM SC flow cytometer (Beckman Coulter, Inc., Fullerton, CA, USA). Cells positive for Annexin V-FITC and negative for PI were considered to be undergoing cell death. All experiments were repeated three times.
TUNEL Assay
The TUNEL staining assay was conducted using the in situ Cell Death Detection kit from Roche Applied Science (Indianapolis, IN, USA), according to the manufacturer's instructions. Briefly, paraffin-embedded tissue sections were deparaffinized using a standard protocol and permeabilized with 0.1 M sodium citrate (pH 6.0) at 65 ° C for 1 h. Tissue sections were incubated with the TUNEL reaction buffer for 1 h at 37 ° C in a humidified chamber.
Positive staining was detected by confocal microscopy (LeicaSP5-FCS, Wetzlar, Germany). For each section, 10-20 fields were randomly selected and positively stained cells were counted.
Histological Analysis and Tubular Injury Score
For histological analysis, kidney tissues were fixed with 4% paraformaldehyde overnight and embedded in paraffin. The paraffin sections (4 μm) were stained with H&E. The quantitative analysis of the renal tubular injury used the grading scores proposed in a previous study [22] . The sections were evaluated by assessing 10 randomly selected high-power fields (40× objective), with higher scores representing more severe damage, as follows: tubular epithelial cell flattening (1 point), brush border loss (1 point), cell membrane bleb formation (1 or 2 points), interstitial edema (1 point), cytoplasmic vacuolization (1 point), cell necrosis (1 or 2 points), and tubular lumen obstruction (1 or 2 points).
Biochemical Measurements
Blood samples were collected from the retro-orbital venous plexus and centrifuged in glass tubes at 4 ° C for 10 min at 1,400 g; the serum was stored at −80 ° C in polystyrene tubes until use. The concentration of Scr was analyzed using commercial kits at the end of the experiment. The absorbance was measured using a SpectraMax M2 Multi-Mode microplate reader (Molecular Devices, Sunnyvale, CA, USA).
ELISA Analysis of IL-1β in Serum and Kidney Tissue
Serum and kidney levels of IL-1β were measured with an ELISA kit, following the manufacturer's instructions (Quantikine, R&D Systems, Inc., Minneapolis, MN, USA). Briefly, each kidney tissue was homogenized in phosphate-buffered saline (PBS) at a 1: 10 concentration (1 g of tissue to 10 mL of PBS buffer). A monoclonal antibody specific for each protein was pre-coated onto a microplate. The standards and test samples were then pipetted into the wells to allow binding of these proteins to the immobilized antibodies. After washing away any unbound substances, an enzyme-linked polyclonal antibody specific for each protein was added to the wells. Following removal of unbound antibody-enzyme reagent through washing, a substrate solution was added to the wells and color was developed. The optical density of each well was measured at a wave length of 450 or 510 nm on a microreader (S190, Molecular Devices). The concentration of each cytokine or chemokine was accordingly calculated.
Protein Extraction and Western Blot Analysis
Cells treated with LPS (30 μg/mL) were lysed and homogenized in lysis buffer immediately. The kidney tissue samples were homogenized on ice, followed by centrifugation at 12,000 g for 30 s. The proteins were extracted using a total protein extraction kit (Millipore, Billerica, MA, USA), according to the manufacturer's instructions. Protein concentrations were determined with a BCA protein assay kit (Pierce, Rockford, IL, USA). Protein samples were separated by SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked with Tris buffered saline containing 5% non-fat dry milk at room temperature for 2 h. For immunoblotting, the membranes were incubated overnight at 4 ° C with antibodies directed against caspase-11 or Gsdmd, and β-actin (1: 1,000) was used as a loading control. The secondary antibody (horseradish peroxidase conjugated anti-rabbit IgG antibody) was incubated at room temperature for 2 h. Protein was detected using Super Signal ® West Pico Chemiluminescent Substrate (Pierce Biotechnology, Rockford, IL, USA). Membranes were scanned and quantified with NIH ImageJ software. The expression of the protein examined was normalized to β-actin expression. Results were expressed as fold increase over control.
Statistical Analysis
Statistical analysis was performed using the statistical package SPSS for Windows ver. 19.0 (SPSS, Inc., Chicago, IL, USA). Data were analyzed with two-tailed unpaired Student's t test for comparisons of two groups or one-way ANOVA of the repeated experiments followed by the Tukey's post hoc pairwise multiple comparisons. A p value of < 0.05 was considered significant. For all bar graphs, the mean ± SEM is plotted. All in vitro experiments were repeated at least three times unless otherwise indicated. 
Results
Endotoxic Acute Kidney Injury Is Mediated by Caspase-11
To study whether caspase-11, a known pyroptosis regulatory enzyme, was involved in sepsis-associated AKI, we assessed caspase-11 expression in caspase-11 -/-RTECs treated with LPS. Isolated RTECs from WT mice or caspase-11 -/-mice were cultured in vitro and treated with LPS (30 μg/mL) for 6, 12, or 24 h. As shown in Figure 1a , b, immunoblotting revealed that protein expression of caspase-11 was markedly increased in LPS-treated RTECs from WT mice after 6 h, and a stronger expression was observed after 12 h. However, this effect was blocked in LPS-treated caspase-11 -/-RTECs. Similar results also demonstrated that caspase-11 protein expression was significantly increased in renal tissues isolated from WT mice treated with LPS (40 mg/kg), and this effect was also inhibited in LPS-treated caspase-11 -/-mice (Fig. 1c, d ).
To evaluate histopathological characteristics of kidneys, renal tissue sections were H&E-stained (Fig. 1e) . Histopathological examination revealed LPS-induced kidney damage in WT mice, characterized by renal tubular degeneration and dilatation with variable flattening of the cytoplasm, and loss of the brush border. In contrast, the extent of observed LPS-induced kidney injury was reduced in caspase-11 knockout mice (Fig. 1e) . Quantitative analysis further revealed that renal tubule damage scores were significantly improved in caspase-11 knockout mice compared to WT mice following LPS treatment (Fig. 1f) . In addition, caspase-11 knockout mice treated with LPS also showed significantly lower levels of Scr compared with LPS-treated WT mice (Fig. 1g) .
Knockout of Caspase-11 Alleviates Endotoxin-Induced Pyroptosis in Renal Tubular Epithelial Cells
To further evaluate whether caspase-11 also mediates endotoxin-induced pyroptosis in RTECs, we measured pyroptosis in caspase-11 -/-RTECs following an LPS challenge. As shown in Figure 2 , there was a marked increase in pyroptosis in WT RTECs after 6 h of LPS treatment, and pyroptosis was further increased at 24 h. However, in caspase-11 -/-RTECs, the percent of cells undergoing pyroptosis remained constant after 0-12 h LPS treatment. Similar results were observed in mice, with WT mice displaying increased TUNEL-positive cells compared to caspase-11 -/-mice following LPS injection (Fig. 3) . These results indicate that knockout of caspase-11 alleviates endotoxin-induced pyroptosis in RTECs.
Another critical target of caspase-11 is Gsdmd, which is cleaved to its active form by caspase-11 and functions to form pores that promote cell swelling and lytic cell death [15, 19, [23] [24] [25] . In vitro, LPS markedly increased the formation of active, cleaved Gsdmd p30 protein in renal tissues generated from WT mice (Fig. 4a) . However, Gsdmd cleavage was suppressed following an LPS challenge in RTECs generated from caspase-11 -/-mice (Fig. 4a) . Similar results were observed in in vivo renal tissues following an LPS challenge (Fig. 4b) , thus establishing a causal role for caspase-11 as an activator of Gsdmd during AKI. Together, these data show that caspase-11 is a central mediator for the generation of mature IL-1β and Gsdmd in endotoxic AKI.
Caspase-11 Activation Is Required for Generation of Mature IL-1β and Gsdmd in Endotoxic Acute Kidney Injury
We next investigated the mechanisms by which caspase-11 activation induces AKI. IL-1β is a pro-inflammatory cytokine which is initially synthesized as a 31-kDa precursor protein and then becomes proteolytically activated by inflammatory caspases. Mature IL-1β protein is released during pyroptotic cell death, thus amplifying the inflammatory cascade [11, 15, 19, To determine whether IL-1β is processed by caspase-11 in the kidney, WT and caspase-11 -/-mice were challenged with LPS (40 mg/kg i.p.) for 6, 12, or 24 h. Kidneys were isolated and IL-1β protein was measured by ELISA. Knockout of caspase-11 resulted in decreased expression of mature IL-1β in kidney tissue following endotoxemia (Fig. 5a) . Similarly, serum IL-1β levels were also significantly lower in caspase-11 -/-mice than in control mice after an LPS challenge (Fig. 5b) .
Knockout of Caspase-11 Improves Animal Survival after Lipopolysaccharide Stimulation
In WT mice challenged with a lethal dose of LPS (40 mg/kg i.p.), the earliest death event occurred at 20 h and no animals survived after 28 h. However, caspase-11 knockout mice challenged with a lethal LPS dose experienced no death events by the end of 72 h, and displayed a survival of 70-80% after 7 days, as demonstrated with Kaplan-Meier survival analysis (Fig. 6 ). These results demonstrate that knockout of caspase-11 improves animal survival in endotoxemia. 
Discussion
Sepsis has been identified as the most common cause of AKI in intensive care units. Moreover, the combination of sepsis and AKI is associated with a very high mortality rate [1, 28] . Therefore, there is an urgent need to identify novel therapeutic interventions to attenuate septic AKI. Previous studies [4, [29] [30] [31] [32] have shown that apoptosis and necrosis are the two major cell death pathways that contribute to death of RTECs in septic AKI. Pyroptosis is a recently identified pathway of host cell death that is stimulated by a range of microbial infections and non-infectious stimuli [33] [34] [35] . However, whether pyroptosis occurs in septic AKI had not been addressed. In the present study, we demonstrated that the endotoxin LPS induces pyroptosis of RTECs. Moreover, LPS treatment induced epithelial caspase-11 activation, which resulted in cleavage of Gsdmd, and ultimately triggered pyroptotic cell death of RTECs. Importantly, these data demonstrate that caspase-11-mediated epithelial pyroptosis is an important pathogenic factor in the development of LPS-induced AKI.
LPS, an endotoxin, is a major component of the outer membrane of gram-negative bacteria, which are considered to be the primary etiology of sepsis. LPS is an ideal model for experimental endotoxemia-induced kidney injury and is widely used to study the mechanisms of septic AKI [36, 37] . Here, we successfully established a murine AKI model by treating C57BLk/6J mice with 40 mg/kg LPS (from Escherichia coli 0111:B4). Histopathological examination showed that, following an LPS challenge in mice, the renal tubular structure was destroyed, RTECs were degenerated, and there was severe intracellular edema within renal tubules as well as in the renal interstitium. In addition, Scr levels, which are used as an index of renal injury, were found to be significantly increased in WT mice after LPS injection. Together, these findings establish that LPS injection is a suitable animal model for AKI. Pyroptosis plays an important role in the antibacterial innate immune defense and in lethal endotoxemia [16, 38] . Caspase-11 defines the non-canonical inflammasome that is activated by various gram-negative bacterial infections and causes infected cells to die by pyroptosis [15] [16] [17] [18] [19] . A previous study has shown that caspase-11 mediates ischemia-reperfusioninduced renal tubule pyroptosis [39] . In the present study, our findings indicate that caspase-11 is increased in RTECs isolated from endotoxemic WT mice. In addition, we also observed pyroptotic cell death in LPS-induced AKI. Importantly, endotoxin-induced pyroptosis was alleviated in RTECs after caspase-11 knockout, and Scr was also decreased. Meanwhile, the pathologic aberrance and death events observed following an LPS challenge in WT mice were also prevented in caspase-11 -/-mice ( Fig. 1, 6 ). These data indicate that caspase-11 mediates endotoxin-induced renal tubule pyroptosis and kidney injury.
Gsdmd has been recently identified through genetic screens as a key mediator of pore formation in cells undergoing pyroptosis, with pore formation resulting in rapid lytic cell death [12, 15, 19, [23] [24] [25] 27] . Gsdmd is a critical target of caspase-11; its cleavage as well as the resultant N-terminal fragments were shown to be the executioner of pyroptosis [15, 19] . Here we observed cleavage of the Gsdmd p30 fragment in renal epithelial cells in response to LPS treatment. In addition, we observed a marked increase in the active, cleaved Gsdmd p30 protein in LPS-treated RTECs isolated from WT mice. In contrast, the cleaved Gsdmd p30 protein was decreased in LPS-treated RTECs isolated from caspase-11 -/-mice, suggesting that epithelial cells undergo pyroptotic cell death via Gsdmd-mediated pore formation.
IL-1β, a pro-inflammatory cytokine, is an important mediator in the progression of sepsis. Previous studies identified Gsdmd as a component of the inflammasome responsible for the execution of pyroptosis as well as the secretion of matured IL-1β [25] . In the present study, we show that the endotoxin LPS increased IL-1β in plasma and kidney tissues from WT mice, thus inducing an inflammatory response that results in AKI. However, the serum and kidney IL-1β levels remained low in caspase-11 -/-mice after an LPS challenge (Fig. 5) , suggesting that IL-1β is involved in the progression of septic AKI.
In summary, the present study demonstrates that renal epithelial cells undergo pyroptosis in LPS-induced AKI. Furthermore, we show that inflammatory caspase-11 mediates LPSinduced Gsdmd activation and consequent IL-1β release in RTECs undergoing pyroptosis (Fig. 7) . We also show that knockout of caspase-11 preserves renal function, ameliorates pathological injury, and improves mouse survival in LPS-induced AKI. Targeting caspase-11-mediated pyroptosis may serve as a new effective therapeutic strategy to attenuate septic AKI.
